Woody Sonchus and five related genera (Babcockia, Taeckholmia, Sventenia, Lactucosonchus, and Prenanthes) of the Macaronesian islands have been regarded as an outstanding example of adaptive radiation in angiosperms. Internal transcribed spacer region of the nuclear rDNA (ITS) sequences were used to demonstrate that, despite the extensive morphological and ecological diversity of the plants, the entire alliance in insular Macaronesia has a common origin. The sequence data place Lactucosonchus as sister group to the remainder of the alliance and also indicate that four related genera are in turn sister groups to subg. Dendrosonchus and Taeckholmia. This implies that the woody members of Sonchus were derived from an ancestor similar to allied genera now present on the Canary Islands. It is also evident that the alliance probably occurred in the Canary Islands during the late Miocene or early Pliocene. A rapid radiation of major lineages in the alliance is consistent with an unresolved polytomy near the base and low ITS sequence divergence. Increase of woodiness is concordant with other insular endemics and refutes the relictural nature of woody Sonchus in the Macaronesian islands.
Ascertaining the origin and evolution of plants endemic to oceanic islands is both fascinating and frustrating. Endemics may assume the typical insular woody habit and become very distinct in other suites of characters such that determining their continental relatives is difficult if not impossible with morphology (1) (2) (3) (4) . Once a colonizer becomes established on an oceanic island, extensive diversification may occur as plants move into a variety of open habitats. This process has been viewed as a good example of adaptive radiation (2) (3) (4) (5) (6) (7) (8) (9) , and once it occurs, the different descendent lines may exhibit a wide array of characters, making it difficult to determine whether they evolved from a common ancestor. Thus, difficult problems posed by insular endemics include whether they result from a single introduction, estimating the time of radiation, and identifying the continental relative(s) and source area(s) of the original colonizer(s) (10) (11) (12) . As noted above, comparative morphology may be of limited value for addressing these questions because of the difficulty in distinguishing features shared by common ancestry as opposed to parallelisms. Molecular sequences, however, have proven useful in the study of some insular groups because, contrasted with morphology, base substitutions of determined regions (mutations) may be neutral or nearly so (11, (13) (14) (15) (16) .
One of the basic assumptions in the study of the origin and evolution of endemics in oceanic islands is that the remoteness of the islands from possible source areas (combined with their small land masses) acts like a sieve and the arrival of propagules to the islands is a very rare event. This in turn makes it more likely that related endemics on remote archipelagos have a common origin, i.e., represent a monophyletic group. Unlike more remote volcanic islands in the Pacific (Juan Fernandez, Hawaiian, and Galapagos Islands) where most evolutionary studies of insular endemic plants have been carried out, the Macaronesian islands ( Fig. 1) are very close to possible source areas and exhibit a broad range of geological ages (17) (18) (19) (20) (21) (22) . (In this paper, ''Macaronesian'' will refer to the islands of this area, and the Canary Islands will be specified when referring to that archipelago alone.) The proximity of the islands to the African continent and their different geological ages make it much more likely that multiple colonization events could have occurred for some closely related taxonomic groups and that some taxa could be much older than others. This means, of course, that closely related endemic taxa may not be monophyletic. There also has been a long controversy over whether some of the woody Macaronesian endemics are relict elements of a flora that extended along the Mediterranean basin during the Tertiary period or are recent derivatives from continental ancestors (3, 6, 17, (23) (24) (25) (26) .
There are 34 taxa of ca. 130 taxa in the subtribe Sonchinae (Asteraceae) endemic to Macaronesia (27) , with most of them in the Canary Islands. A previous phylogenetic analysis of the Sonchinae (ref. 28 ; Fig. 2 ) recognized a Macaronesian clade that includes the woody members of Sonchus and five related genera (hereafter for convenience often referred to as the woody Sonchus alliance), but this was based on limited taxon sampling from Macaronesia. This alliance is composed primarily of 19 species of woody Sonchus (i.e., subg. Dendrosonchus), the genera Babcockia, Taeckholmia, Sventenia, Lactucosonchus, one species of Sonchus subg. Sonchus (i.e., S. tuberifer), and one species of Prenanthes. Two taxa, Lactucosonchus and S. tuberifer, are the only members of the group that do not have a true woody habit; they are herbaceous perennials with tuberous roots. As may be inferred by the recognition of six genera, these taxa display great morphological, ecological, and anatomical diversity (29, 30) . Despite this diversity, the fertility of several intergeneric hybrids suggests genetic cohesiveness within the alliance (31, 32) . The basic question is whether this remarkable array of plants results from a single introduction followed by extensive radiation and diversification or from several introductions from nearby and closely related source areas over a long period of time. It has been shown, for example, that the three genera of the very diverse silversword alliance in the Hawaiian Islands came from a single dispersal event (10, 33) , but the extreme isolation of
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Hawaii contrasts with the situation in Macaronesia where a source area is within 100 km of certain islands (Fig. 1) .
In this study, sequences from the internal transcribed spacer region of the nuclear ribosomal DNA (ITS) were used to assess further the monophyly of the woody Sonchus alliance in the Macaronesian islands. The sequence data were also used to elucidate phylogenetic relationships within the group and the role of colonization and adaptive radiation in the evolution of the alliance and to examine the origin of woody members of Sonchus in Macaronesia.
MATERIALS AND METHODS
A phylogenetic analysis of subtribe Sonchinae was conducted previously, with limited sampling from the Macaronesian taxa (ref. 28 ; Fig. 2 ). After this analysis, we examined the ITS sequences of 35 additional accessions representing 16 species of subg. Dendrosonchus, five species of Taeckholmia, and the four related genera endemic to the Canary Islands. Total DNA was isolated from leaf tissues by using the CTAB method (34) and purified in CsCl͞ethidium bromide gradients. Methods for PCR amplification, purification of PCR products, and sequencing reactions of the ITS regions are given in detail elsewhere (11, 28) . Both coding and noncoding strands were read and all sequences were manually aligned using MACCLADE version 3.0 (35) . Aligned sequences are available upon request from the first author.
Variable nucleotide sites were analyzed by unweighted Wagner parsimony using PAUP version 3.1.1 (36) . On the basis of previous analyses of the Sonchinae (28), Sonchus palustris was used as an outgroup. The heuristic algorithm with stepwise addition option was used to find the shortest trees. Bootstrap (100 replicates) and decay analyses were performed to assess the relative support for clades found in the analysis (37) . Pairwise sequence divergences were calculated by the Jukes and Cantor one-parameter method using PHYLIP version 3.52c (38) . To assess rate homogeneity over different lineages, the relative-rate test (39, 40) was conducted using the genus Lactucosonchus as the reference taxon because this lineage is sister to the remainder of the alliance.
RESULTS

Size of ITS, Sequence Divergence, and Relative-Rate Test.
Lengths of ITS1 and ITS2 in the woody Sonchus alliance fall within the size range reported for Asteraceae (41) . Percent pairwise sequence divergence between species ranges from 0.0 to 4.8, and average divergences within subg. Dendrosonchus and Taeckholmia are 1.6% and 1.0%, respectively. Average sequence divergence between subg. Dendrosonchus (excluding Taeckholmia) and other genera in the alliance varies from 2.5% to 3.4%.
Results of the relative rate tests indicate no significant differences for any of the lineages, and thus the molecular clock cannot be rejected.
Phylogenetic Analyses of ITS Sequences. After the previous phylogenetic study of the Sonchinae, which suggests the monophyly of the woody Sonchus alliance in Macaronesia (Fig. 2) , additional phylogenetic analyses of ITS sequences with a much broader sampling within the group were carried out. The heuristic search option for 35 accessions found 8123 equally most parsimonious trees, one of which is shown in Fig. 3 . This tree is identical to the 50% majority-rule consensus tree and suggests that Sventenia, Babcockia, Prenanthes pendula, and Sonchus tuberifer are in turn sister groups to subg. Dendrosonchus sensu Aldridge. It also suggests that Lactucosonchus, an endemic genus from the island of La Palma (Fig. 1b) , is sister to the remaining members of the woody Sonchus alliance (Fig. 3) .
DISCUSSION
Origin and Evolution of the Woody Sonchus Alliance in Macaronesia. The molecular data strongly confirm and extend considerably our previous preliminary work and indicate that, despite the extensive morphological and ecological diversity of the plants and the geographical proximity of the Macaronesian islands to a continental source area, the entire alliance was derived from a single colonization event (Figs. 2 and 3 ). Both bootstrap and decay analyses support strongly the monophyly of the group. The presence of intergeneric hybrids (32, 42) and results of crossing experiments (A. Aldridge, personal communication) likewise suggest genetic cohesiveness despite the considerable morphological diversity of the alliance. These results are similar to those for other insular groups such as the genus Argyranthemum in the Macaronesian islands (43) and the silversword alliance (10, 33) and Tetramolopium (44) in Hawaii, where highly fertile interspecific hybrids can be produced despite pronounced morphological differences. Within the woody Sonchus group, the ITS tree suggests that Lactucosonchus diverged first, followed by the radiation of the four other genera, as well as subg. Dendrosonchus sensu Aldridge (Fig. 3) . It is also likely that, based on the previous study of the Sonchinae (ref. 28 ; Fig. 2 ), the entire group was derived from a single dispersal event from a more widely distributed European taxon, such as S. palustris. The low average sequence (1996) divergence and the polytomy in the ITS tree suggest a rapid radiation of major lineages early in the history of the alliance after a single introduction. Adaptive radiation connotes the process by which a monophyletic group of organisms adapts to a broad diversity of habitats (3, 4) , and it has been of major importance in the evolution of woody Sonchus and its close relatives. The ITS phylogeny suggests that eight ecological shifts from mesic to dry habitats and three shifts from dry to coastal habitats have occurred during the diversification of the group (Fig. 3) . Two lineages of Taeckholmia (excluding two species of Sonchus) have radiated exclusively into dry habitats, whereas a major clade of Sonchus has radiated primarily into mesic habitats with two ecological shifts to dry habitats. The ITS phylogeny also indicates that, during adaptive radiation, rosette-shrub͞ subshrub and rosette-tree habits have been quite successful in colonizing and adapting to the various habitats of the islands. In contrast, two lineages with tubers have only one species each, i.e., S. tuberifer and Lactucosonchus, and have not been successful in radiating and speciating in the Macaronesian islands (Fig. 3) .
The ITS phylogeny also provides evidence that interisland colonization events to similar ecological habitats and intraisland differentiation have played important roles in the evolution of the alliance (Fig. 3) . Note, for example, that S. canariensis occurs on two islands, as do S. hierrensis, S. acaulis, S. cogestus, and T. pinnata as well as other species (Fig. 3) . Further, long distance dispersal has been responsible for the origin of Sonchus species in other archipelagos (Fig. 3) . For example, S. daltonii in the Cape Verde archipelago likely results from a recent dispersal event from the western Canary Islands. Also, three species of Sonchus in Madeira appear to be derived from a single colonization event, probably from Tenerife or Gran Canaria of the Canary Islands (Fig. 3) .
Biogeographical Implications. The molecular data suggest that, after the initial divergence of Lactucosonchus from a common ancestor, the two genera Sventenia and Babcockia as well as Prenanthes pendula and S. tuberifer radiated early in the Canary Islands. These taxa are confined to mountains or mountain cliffs of the geologically oldest areas of Gran Canaria and Tenerife (with the exception of P. pendula, which is also locally common in the south and west of Gran Canaria), and suggests that the woody Sonchus group arose in the Canary Islands. Further, it indicates that subg. Dendrosonchus and Taeckholmia probably originated in the geologically oldest areas of Gran Canaria or Tenerife; remarkably these two islands are also the center of diversity for subg. Dendrosonchus and Taeckholmia (45) . Because the molecular clock cannot be rejected, it is possible to estimate the time of the radiation of the woody Sonchus alliance. The genus Dendroseris, which is endemic to the Juan Fernandez Islands, was used to estimate the rate of nucleotide substitution in ITS because both chloroplast (cp) DNA restriction sites (46) and ITS sequence data (28) suggest that it is closely related to the Macaronesian group. In addition, Dendroseris is an insular endemic and has life forms similar to subg. Dendrosonchus (i.e., paliform and rosette trees to rosette shrubs). Thus, generation-time effect on the substitution rate of the ITS sequences should be minimized (16) . Two different average rates of nucleotide substitutions per site per year in ITS in the genus Dendroseris, r ϭ (3.94 Ϯ 0.10) ϫ 10 Ϫ9 and (6.06 Ϯ 0.15) ϫ 10
Ϫ9
, were used to estimate the time of radiation. The slower rate assumes radiation shortly after the formation of the island of Masatierra (one of the Juan Fernandez Islands), whereas the faster rate assumes a later radiation and was estimated from cpDNA divergence. The slower rate for the sequences using Dendroseris as the standard was 0.78% per million years (11) . The average sequence divergence between Lactucosonchus and the other Macaronesian taxa is 3.34%, indicating that the divergence between them may have occurred 4.2 million years ago (Mya). The average sequence divergence between subg. Dendrosonchus (including Taeckholmia) and allied genera is 2.8%. Thus, the divergence of subg. Dendrosonchus from the other genera may have occurred approximately 3.6 Mya. Therefore, the origin of genera in the woody Sonchus alliance may have taken place about 4.2 Mya or earlier on the Canary Islands, and the radiation of subg. Dendrosonchus accordingly took place between 4.2 and 3.6 Mya on Gran Canaria or Tenerife. However, if we use the faster rate, i.e., 1.20% per million years, then the origin of the alliance and the radiation of subg. Dendrosonchus may have occurred 2.8 Mya or earlier and 2.3 Mya, respectively. Although all the colonization events of Sonchus species in the Macaronesian islands postdate the geological origin of the islands (47), the calculated time of occurrence of Lactucosonchus in La Palma predates the origin of the island (not older than 1.5 Mya; Fig. 1b) . This suggests that the immediate ancestor of Lactucosonchus evolved for some time on another island in the Canaries, either Tenerife or Gran Canaria, followed by extinction of Lactucosonchus or its ancestor on such a source island.
The estimated divergence times for the allied genera and the radiation of subg. Dendrosonchus are long after the formation (50) proposed that subg. Dendrosonchus evolved from subg. Origosonchus (endemic to Africa), which he considered the most primitive group of Sonchus. This hypothesis is supported by pollen morphology (51) . In contrast, Aldridge (45) suggested that subg. Dendrosonchus is very primitive and that the two subgenera Origosonchus and Sonchus were derived from it. Her hypothesis is congruent with Takhtajan's view (52) and also agrees with Bramwell (24, 25) . Neither of these two hypotheses is supported by the ITS phylogeny. The ITS phylogeny indicates that subg. Dendrosonchus is a relatively derived group but was not derived directly from subg. Origosonchus (Figs. 2 and 3) . Rather, it is more likely that it originated from an ancestor somewhat like one of its allied genera in the Canary Islands (Fig. 3) .
The woody life-forms in the Canaries in genera such as Sonchus, Echium, Argyranthemum, Pericallis, and Crambe have been considered by several authors to represent tertiary relicts (6, 17, 24, (53) (54) (55) . Bramwell (24) suggested that taxonomic, cytological, morphological, palaeobotanical, distributional, and phytogeographical data are consistent with the endemic flora being of considerable age and probably ancestral to many modern Mediterranean genera and species. Meusel (53) viewed the woody Macaronesian species as ancestral forms of modern Mediterranean herbaceous species, with the herbaceous forms derived by reduction in lignification and adaptation to more extreme conditions. In contrast, Carlquist (2) (3) (4) argued that the endemic frutescent species found on many oceanic islands are the result of an increase in woodiness in response to the uniformity of insular climates. More specifically, Carlquist (3) claimed that a group of true shrubby Sonchus in the Macaronesian Islands evolved from plants similar to the European weedy sow thistle (S. oleraceus). Thus, he did not consider these plants to be relicts but rather secondary derivatives of herbaceous ancestors. The ITS tree clearly shows that neither subg. Sonchus nor subg. Origosonchus was derived from the woody members of Sonchus in Macaronesia (Fig. 2) . Rather, it is evident that the woody Sonchus and its relatives were derived ultimately from continental herbaceous perennial ancestors (Fig. 3) . Further, the ITS tree shows a general trend toward increased woodiness. For example, it is likely that the ancestor of the entire alliance was an herbaceous perennial, and then there was evolution toward caudex perennials, shrubs, and trees in different lineages during radiation in the Macaronesian islands (Fig. 3) . In particular, it seems reasonable to assume that the immediate ancestors of the three Madeiran Sonchus species and the lineage consisting of most of the woody Sonchus species were probably either herbaceous or caudex perennials and then became trees after dispersal to Madeira and various Canary Islands (see asterisked clade in Fig. 3 ). This trend is a well-known feature of adaptive radiation in many insular plants (4) . Thus, the molecular data do not support subg. Dendrosonchus being relictually woody plants.
In conclusion, the woody Sonchus alliance in the Macaronesian islands apparently resulted from a single introduction. This founder event was likely followed by several radiations. The ITS phylogeny refutes the relictural nature of the woody life form of Sonchus in Macaronesia and suggests that it represents secondary derivation from herbaceous ancestors. The ITS sequence data also suggest that evolution of the woody Sonchus alliance may have occurred during Late Tertiary (i.e., the late Miocene or early Pliocene) from Gran Canaria or Tenerife in the Canary Islands. The rapid radiation of major lineages in the alliance is consistent with an unresolved polytomy at the base of the cladogram and low sequence divergence.
